Background: Delirium is a common complication after cardiac surgery and may be as a result of inadequate cerebral perfusion. We studied delirium after cardiac surgery in relation to intraoperative hypotension (IOH). Methods: This observational single-centre, cohort study was nested in a randomized trial, on a single intraoperative dose of dexamethasone vs placebo during cardiac surgery. During the first four postoperative days, patients were screened for delirium based on the Confusion Assessment Method (CAM) for Intensive Care Unit on the intensive care unit, CAM on the ward, and by inspection of medical records. To combine depth and duration of IOH, we computed the area under the curve for four blood pressure thresholds. Logistic regression analyses were performed to investigate the association between IOH and the occurrence of postoperative delirium, adjusting for confounding and using a 99% confidence interval to correct for multiple testing. Results: Of the 734 included patients, 99 patients (13%) developed postoperative delirium. The adjusted Odds Ratio for the Mean Arterial Pressure <60 mm Hg threshold was 1.04 (99% confidence interval: 0.99-1.10) for each 1000 mm Hg 2 min 2 AUC 2 increase.
IOH is a common side-effect of general anaesthesia, but a widely accepted definition of IOH is not available. 13 In previous studies, IOH has been associated with postoperative adverse events, such as mortality, [14] [15] [16] acute kidney injury, 17 and myocardial ischaemia. 17 18 In studies on IOH and postoperative ischaemic stroke, no clear association was observed in different groups of patients. 16 18-21 Nevertheless, it seems plausible that brain perfusion becomes compromised when a patient experiences a too low blood pressure for a too long period of time. Delirium may be a more sensitive manifestation of postoperative cerebral dysfunction as a result of temporarily insufficient cerebral perfusion than ischaemic stroke. However, the association of intraoperative blood pressure with delirium is currently unclear. We hypothesized that severe and prolonged low blood pressure during anaesthesia and cardiac surgery increases the risk of postoperative delirium. The aim of the study was to investigate whether IOH is related to the occurrence of delirium after cardiac surgery.
Methods

Design and patients
This observational single-centre cohort study was nested within a large multicentre clinical trial, the Dexamethasone for Cardiac Surgery (DECS) trial. The design of the DECS trial has been published in detail elsewhere. 22 Briefly, adult patients undergoing cardiac surgery requiring cardiopulmonary bypass (CPB), were randomized to a single injection of either 1 mg kg −1 dexamethasone or placebo at the induction of anaesthesia. Exclusion criteria were emergency procedures, or a preoperative life expectancy less than six months. Patients from the DECS trial who participated in a sub-study on postoperative delirium within one of the participating centres, the University Medical Center Utrecht, were eligible for the current study on IOH and postoperative delirium. Patients who had a stroke during the study period were excluded from postoperative delirium monitoring. This study was carried out according to Good Clinical Practice standards and national regulations. The Medical Ethics Committee of the University Medical Center Utrecht approved the DECS-trial (METC 05-301) and the sub-study on delirium (METC 12-423). All patients provided written informed consent before randomization. For the current study on IOH and delirium, the Medical Ethics Committee waived the need to obtain separate informed consent.
Data collection and anaesthesia protocol
Patient characteristic and postoperative data were obtained from the DECS trial database 22 and the hospital information system.
Intraoperative data from the patient monitor and anaesthesia machine were stored as the median for each min of collected data in the electronic anaesthesia information management system (AnStat ® , CarePoint Nederland BV, Ede, the Netherlands). Intraoperative fluid management and anaesthesia were performed according to protocol. The patients did not receive premedication. Anaesthesia was initiated using 0.1 mg kg −1 midazolam, 1 µg kg
sufentanil. Pancuronium 0.1 mg kg −1 was given to facilitate orotracheal intubation. For maintenance, inhalation anaesthesia with sevoflurane or isoflurane was applied together with 0.5 µg
Patients received a restricted i.v. fluid regimen.
Intraoperative hypotension
IOH was defined as the cumulative exposure to mean arterial pressures (MAPs) below a predefined threshold during surgery.
Intra-arterial blood pressure (IABP) measurements were used, or non-invasive bp (NIBP) measurements when IABP was unavailable at any time point. As inadequate brain perfusion was expected to depend on both the depth and the duration of hypotension, IOH was defined as the Area Under the Curve (AUC) for a certain MAP threshold. 23 24 Therefore, the AUC was expressed in mm Hg min. Given the lack of a widely accepted definition for IOH, 13 IOH was studied using four predefined, but exploratory thresholds: a MAP below 60 mm Hg, a MAP below 50 mm Hg, a MAP decrease >30% relative to baseline bp and a MAP decrease >40% relative to baseline bp. The baseline bp was defined as the mean of all measured bp measurements, in the operating theatre before induction of anaesthesia. Time of induction was defined as the moment of the administration of induction medication or three min before the first registration of expired carbon dioxide, whichever came first.
13
Delirium assessment
The outcome of this study was the occurrence of delirium at any time point during the first four days after cardiac surgery. Trained research personnel assessed all patients for delirium daily, including weekend days. 25 The following assessment scales were used: the Richmond Agitation Sedation Scale (RASS) to assess the level of consciousness, the Confusion Assessment Method adapted for the Intensive Care Unit (CAM-ICU) to detect delirium during Intensive Care Unit (ICU) admission, and the Confusion Assessment Method (CAM) to detect delirium during admission at the cardiothoracic surgery ward. 26 27 In addition, medical records were screened for signs of delirium and treatment with haloperidol. Patients with uncertainty regarding the diagnosis of delirium were discussed with a neurologist-intensivist (AS), who made the final classification. Research personnel were unaware of the occurrence of IOH during their assessment of postoperative delirium.
Potential confounders
We selected a priori the following possible confounders, based on clinical experience and previously performed studies. 28 
Statistical analysis
Continuous variables were visually assessed for a normal distribution using histograms and qq-plots. Normally distributed data were presented as means with standard deviations () and studied using two-sample Student's t-tests. Skewed continuous data were presented as medians with interquartile ranges (IQR) and evaluated using Wilcoxon signed rank tests. Categorical variables were expressed as numbers ( percentage) and tested using χ 2 tests. The association between the AUC of each MAP threshold and occurrence of delirium was analysed using multivariable logistic regression analysis. Based on assessment for nonlinearity using restricted cubic splines, the AUCs for IOH were included into regression analysis after quadratic transformation. Odds ratios (ORs) were calculated per 1000 mm Hg 2 min 2 increase of intraoperative hypotension and presented as a scaled OR between the 75th and 25th percentile. The analyses included the above described confounders. As four different MAP thresholds were analysed, Bonferroni correction was applied to adjust for multiple testing. The resulting twosided α was rounded down to 0.01 and therefore 99% confidence intervals (99% CI) were used to present ORs. All analyses were performed using R (release 3.0.0; R foundation for Statistical Computing, Vienna, Austria).
Results
In total, 768 patients were included in the DECS trial at the University Medical Centre in Utrecht, between June 2009 and November 2011. Thirty patients could not be evaluated for occurrence of delirium, because of logistic reasons (i.e. unexpected rescheduling of the surgery, no available study nurse). One patient withdrew informed consent and was not analysed. Intraoperative data of three other patients could not be merged, because of an inability to link the unique surgery number to the DECS study number. Therefore, this study cohort included 734 patients (96% of the eligible 768 subjects), and most of them underwent combined cardiac surgery (Table 1 ). There were no missing values in patient-surgery-, or outcome-related variables. During the first four postoperative days, 99 patients (13%) were diagnosed with delirium. Patients who developed delirium were older, more often female, had a higher EuroSCORE, and more often had ischaemic stroke or peripheral artery disease in their medical history. Table 2 provides an overview of the duration of surgery and use of vasopressors and inotropes. Overall, the mean duration of surgery was 284 min ( 86) and the mean duration of CPB 91 min ( 53). Delirious patients had longer cross-clamp durations and had more min of vasopressor infusion during surgery than non-delirious patients. On average, the baseline MAP of delirious patients and non-delirious patients were 90 ( 17) and 92 (15) respectively. Table 3 shows the median area under the curve of various thresholds for IOH. Delirious patients had higher median AUCs than non-delirious patients when MAP<60 mm Hg or MAP<50 mm Hg thresholds were applied. However, delirious patients had lower median AUCs based on both relative thresholds compared with non-delirious patients.
In the crude analysis, an increase of the AUC of IOH based on MAP<60 mm Hg, was significantly associated with the occurrence of delirium (OR 1.05 per 1000 mm Hg 2 min 2 AUC increase, 99% CI 1.01-1.09) ( Table 4 ). After adjusting for confounding and multiple testing, there were no significant associations between IOH based on any of the definitions, and delirium. Our findings did not change when we added age and aortic cross clamp time to the models. When comparing a patient with an AUC of the 75th percentile based on MAP<60 mm Hg threshold (1861 mm Hg min) to a patient with an AUC of 25th percentile based on MAP<60 mm Hg threshold (774 mm Hg min), the adjusted OR was 1.12 (99% CI 1.07-1.16). This can roughly be interpreted as a 12% increased risk for the occurrence of postoperative delirium. Figure 1 is a graphical representation of the results of the logistic regression analyses. In this figure, the AUCs based on the four MAP thresholds are plotted against the ORs from the multivariable regression analyses. In patients with a relatively low AUC, the OR remained close to 1, but the OR gradually 
Discussion
Several possible pathophysiologic mechanisms have been proposed for postoperative delirium and cognitive dysfunction after cardiac surgery. The cause of delirium appears to be multifactorial, where patient-related factors interact with perioperative events. [32] [33] [34] Specifically, it has been suggested that alterations of neurotransmission, inflammation and an aberrant stress response play a role in the pathogenesis of delirium.
34-36
These include dopaminergic hyperactivity and cholinergic deficiency. 36 Levels of chemokines and cytokines have been associated with delirium as well. These inflammatory mediators may disrupt the blood-brain barrier and thereby induce neuroinflammation influencing neurotransmission. 37 38 Further, an aberrant stress response, as indicated by perioperative raised cortisol concentrations has been associated with postoperative delirium. [39] [40] [41] Another suggested mechanism is inadequate cerebral perfusion. 42 We therefore hypothesized that IOH is associated with the occurrence of postoperative delirium. With this observational cohort study using clinical trial data, we investigated whether IOH was related to the occurrence of delirium after cardiac surgery. Our findings contrast with previous studies. Recently, a strategy was developed to prevent occurrence of postoperative delirium in patients undergoing cardiac surgery, by identifying patients with a high risk for poor cerebral haemodynamics. This strategy included preoperative transcranial doppler screening, perioperative cerebral oximetry monitoring, and intraoperative optimization of cerebral haemodynamics. In this retrospective cohort study, optimization of intraoperative haemodynamics was found to lower the incidence of postoperative delirium after cardiac surgery. 43 However, there were some limitations, for example the observational design of this study, the fact that delirium assessment have not been performed by trained research personnel, and the fact that an important proportion of patients did not receive the complete work-up. These limitations could have resulted in confounding and selection bias. In a recent randomized clinical trial, patients undergoing CABG were randomized to low (60-70 mm Hg) or high (80-90 mm Hg) systemic perfusion pressure during CPB. The incidence of postoperative delirium and cognitive dysfunction was significantly higher in the low pressure group (13%) compared with the high pressure group (0%, P=0.017).
5 However, only the effects of low or high MAP during CPB were studied, and bps before and after CPB were not taken into account. In addition, delirium was assessed with the Mini-Mental-State examination, which has not been designed as a delirium scale. Occurrence of delirium has also been studied in elderly undergoing non-cardiac surgery. However, the results of these studies were ambiguous. [44] [45] [46] In one study, 44 no significant association was found between IOH and the occurrence of delirium, but in two other studies, IOH 45 and the number of hypotensive episodes, 46 were significantly associated with the occurrence of postoperative delirium. The strengths of our study in comparison to the above studies on IOH and delirium, are the large sample size, and the active and continuous monitoring of delirium by trained research personnel during the first four postoperative days. Moreover, in the absence of a universally accepted definition for IOH, we studied four commonly used definitions. 13 We further analysed IOH exposure as a continuous variable instead of a dichotomous variable. We did not dichotomize hypotension as this results in lack of detail and loss of information. Instead, we used the AUC of a certain blood pressure threshold, which is a function of both duration and severity of hypotension. As a result of the absent pulse pressure during CPB, we only chose definitions which included MAP thresholds and not systolic or diastolic thresholds. Our study has some limitations. Firstly, although the results were adjusted for a priori defined confounders, residual confounding could still have influenced the results. Secondly, our predefined definitions were arbitrarily chosen non-individualized definitions. Thus, the bp thresholds were not based on patient's individualized cerebral autoregulatory curves. However, there are studies in which patients managed at bps during CPB below their cerebral autoregulatory range, may have an increased risk of postoperative major morbidity or operative mortality. 47 Thirdly, we studied patients who received treatment for hypotension. Although we adjusted for intraoperative vasopressor and inotrope use, it is unknown in which direction and to what extent these drugs influenced the association of IOH and the occurrence of delirium. Fourthly, we assumed that the effect of hypotension was constant over time and that effect modification did not play a role. Finally, we did not register which form of delirium was present when delirium assessment was performed with the CAM (-ICU). Therefore, we might have patients in the immediate postoperative period, particularly with a hypoactive presentation. This might have led to an underestimation of delirium incidence and thus to a bias towards the null hypothesis and subsequent lack of statistical significant findings in this study. For example, the effect of hypotension during induction of anaesthesia was presumed to be similar to the consequences of hypotension later on during surgery. However, in this study we could not discriminate between different parts of surgery(i.e. before, during and after CPB or postoperatively).
The results of the present study have potential clinical implications for intraoperative bp management. Our results suggest that there is no absolute or relative cut-off point for low bp during cardiac surgery, below which the bp should definitely be treated to prevent postoperative delirium. Future studies should focus on autoregulation of cerebral perfusion during cardiac surgery, to increase our understanding of IOH and cerebral perfusion. In these studies a more heterogeneous study population could be analysed, for example patients undergoing non-cardiac surgery.
In conclusion, independent of the applied definition, IOH was not associated with the occurrence of delirium after cardiac surgery. A small number of patients with prolonged and/or deep hypotension had an increased risk to develop postoperative delirium, but this risk did not reach statistical significance.
